The Mre11/Rad50/NBS1 (MRN) complex maintains genomic stability by bridging DNA ends and initiating DNA damage signaling through activation of the ATM kinase. Mre11 possesses DNA nuclease activities that are highly conserved in evolution but play unknown roles in mammals. To define the functions of Mre11, we engineered targeted mouse alleles that either abrogate nuclease activities or inactivate the entire MRN complex. Mre11 nuclease deficiency causes a striking array of phenotypes indistinguishable from the absence of MRN, including early embryonic lethality and dramatic genomic instability. We identify a crucial role for the nuclease activities in homology-directed double-strand-break repair and a contributing role in activating the ATR kinase. However, the nuclease activities are not required to activate ATM after DNA damage or telomere deprotection. Therefore, nucleolytic processing by Mre11 is an essential function of fundamental importance in DNA repair, distinct from MRN control of ATM signaling.
INTRODUCTION
Maintaining genome integrity is essential for the health of an individual and faithful propagation of genetic material to future generations. DNA double-strand breaks (DSBs) are a potent cause of genomic instability and when errantly repaired may cause cancer and developmental disorders. Because of the universal threat posed, eukaryotes have evolved an intricate set of responses, including cell cycle checkpoints, apoptosis, and pathways of DSB repair. The primary DSB repair pathways are nonhomologous end joining (NHEJ), which entails direct ligation of broken DNA ends, and homologous recombination (HR), in which sequences homologous to the broken region are used as a template for repair. Proteins exist that function within specific cellular responses or repair pathways, yet certain factors play broad roles (Wyman and Kanaar, 2006) .
The Mre11/Rad50/NBS1 (MRN) complex is a global player in DNA damage responses. It is a sensor of DSBs and physically localizes to sites of damage rapidly after the insult (Berkovich et al., 2007; Lisby et al., 2004; Mirzoeva and Petrini, 2001; Shroff et al., 2004) . Once in position, MRN secures DNA ends (Williams and Tainer, 2005) and activates DNA damage checkpoint signaling cascades (Lee and Paull, 2007) . The complex is comprised of Mre11 and Rad50, which are conserved in all domains of life, and NBS1 (Xrs2 in S. cerevisiae), which is specific to eukaryotes and is less well conserved .
Two Mre11 and two Rad50 molecules form a heterotetramer that provides versatile DNA-binding capabilities. Rad50 possesses two large flexible coiled arms that foster bridging of DNA ends (Williams and Tainer, 2005) . NBS1 interacts with the Rad50/Mre11 tetramer and communicates the presence of DSBs to the cell cycle checkpoint machinery (Difilippantonio and Nussenzweig, 2007) . This is accomplished through interaction with the ATM kinase, which is considered a master controller of cellular responses to DSBs (Shiloh, 2003) . The interaction, in combination with the presence of DNA ends, causes inactive ATM dimers to dissociate into active monomers that phosphorylate numerous downstream factors (Lee and Paull, 2007) .
The Mre11 component of the complex contributes DNAbinding capabilities and, as demonstrated in the accompanying manuscript (Williams et al., 2008) , functions as a dimer that can bind both sides of a DSB and stabilize them in close proximity. Mre11 possesses DNA nuclease activities (Furuse et al., 1998; Moreau et al., 1999; Paull and Gellert, 1998; Trujillo et al., 1998) that could serve to process ends bound within the dimer. In vitro, Mre11 has exo-and endonuclease activities, including doublestranded 3 0 to 5 0 exonuclease, and single-stranded endonuclease that acts on 5 0 overhangs, 3 0 flaps, 3 0 branches, and closed hairpins (D'Amours and Jackson, 2002) .
The N terminus of Mre11 has four highly conserved domains responsible for nuclease activities . The third domain (motif III) contains an invariant histidine residue that in vitro and structural studies have shown acts directly in catalysis by stabilizing the transition state of the sugar-phosphate moiety of the scissile bond during nucleolysis (Arthur et al., 2004; Hopfner et al., 2001; Williams et al., 2008) . Surprisingly, mutation of this histidine residue (H125) in S. cerevisiae caused minimal phenotypes compared to Mre11 null. Whereas complete inactivation caused severe radiation hypersensitivity, defective DSB repair, and shortened telomeres, the impact of nuclease deficiency was restricted to mild radiation hypersensitivity (Bressan et al., 1998; Krogh et al., 2005; Lewis et al., 2004; Llorente and Symington, 2004; Moreau et al., 1999) . In certain contexts, nuclease deficiencies resembled null, including synthetic lethality in combination with rad27/FEN-1 mutation (Moreau et al., 1999) and deficiency in processing DNA hairpins (Lobachev et al., 2002) . Together, these findings suggested that the nuclease activities of Mre11 have specialized roles but are largely dispensable during DNA damage responses.
Understanding of specific in vivo functions of MRN in higher eukaryotes has been hampered by early embryonic lethality conferred by knockout alleles of murine Rad50 and NBS1 (Luo et al., 1999; Zhu et al., 2001) . A similar impact of Mre11 inactivation is presumed on the basis of the inability of mouse embryonic stem cells to proliferate when lacking Mre11 (Xiao and Weaver, 1997) . Much of what is known comes from studies of inherited hypomorphic alleles of Mre11 or NBS1. The inherited Mre11 mutations caused symptoms very similar to the disease ataxia telangiectasia (A-T), caused by mutation of the ATM (A-T mutated) gene, including cerebellar degeneration and ionizing radiation (IR) hypersensitivity. Thus, this syndrome was named A-T-like disorder (ATLD) (Stewart et al., 1999) . NBS1 is mutated in Nijmegen breakage syndrome, which also shares characteristics with A-T. Studies on NBS1 and ATLD cells demonstrated a clear role for mammalian MRN in controlling checkpoint responses to DNA damage and highlighted the close functional relationship between MRN and ATM .
The early embryonic lethality conferred by mouse MRN null alleles is in sharp contrast to the relatively mild impact of ATM inactivation, which permits viability in humans and mice . Therefore, MRN has essential roles outside of ATM activation in mitotic cells in mammals. These functions are likely to be operational in the disease-associated MRN alleles since they support viability. The known ATLD mutations do not reside in the highly conserved Mre11 nuclease motifs . Therefore, despite the minimal impact of nuclease deficiency in S. cerevisiae mitotic cells, we recognized that this function of Mre11 could potentially perform important functions in higher eukaryotes not revealed by studies of existing hypomorphic cell lines. To test this hypothesis, we engineered three gene targeted germline alleles of murine Mre11: a nucleasedeficient allele with a substitution of the active site histidine within motif III (H129N), a conditionally inactivatable wild-type allele, and a null allele.
We find that nuclease-deficient Mre11 maintains interactions within MRN and supports activation of the ATM kinase. Despite these capabilities, abrogation of Mre11 nuclease activities causes a striking array of phenotypes indistinguishable from loss of the entire MRN complex. Therefore, in mammals, the nuclease activities of Mre11 are not dispensable but instead represent a paramount function of the MRN complex distinct from ATM activation.
RESULTS

Impact of Mre11 Nuclease Deficiency in Mice
To determine in vivo roles of the nuclease activities of mammalian Mre11, we generated mice deficient specifically in this function. A single amino acid change analogous to the S. cerevisiae Mre11 H125N mutation in nuclease motif III (Moreau et al., 1999) was introduced at the endogenous locus. This alteration changes the invariant histidine residue demonstrated to be essential for in vitro nucleolytic activities of Mre11 homologs from species representing three kingdoms of life, including human (Arthur et al., 2004) , S. cerevisiae (Moreau et al., 1999) , and P. furiosis (Williams et al., 2008) . Furthermore, X-ray crystallographic studies have revealed that the invariant motif III histidine is essential for stabilization and positioning of the scissile phosphate in the DNA backbone but does not have metal ionliganding functions that could influence overall protein structure or interactions (Arthur et al., 2004; Hopfner et al., 2001; Williams et al., 2008) . The mutation in mouse, H129N, was generated by a C-to-A nucleotide substitution in the first position of the CAT triplet encoding histidine129 in exon 5, resulting in an AAT triplet encoding asparagine ( Figures 1A-1D ). The C-to-A mutation in total RNA from liver of three Mre11 H129N/+ mice was confirmed through sequencing of cloned RT-PCR products (data not shown).
Interbreedings between Mre11 H129N/+ mice yielded no
Mre11
H129N/H129N offspring in more than 300 pups (Table S1  available (Table S2) . Mre11 H129N/H129N day e9.5 and e7.5 embryos were recovered ( Figure 1E ) but were developmentally arrested and highly disordered ( Figure 1F and data not shown). Whereas wild-type and heterozygous e9.5 littermates displayed defined fore-, mid-, and hindbrain regions, a beating heart, and forelimb buds, Mre11 H129N/H129N embryos displayed a poorly defined body axis and no gross evidence of heart development. Therefore, Mre11 H129N/H129N embryos successfully implanted in the uterine wall but failed to develop normally thereafter, and p53 deficiency provides no apparent rescue. These observations demonstrate that in mammals, Mre11 nuclease activities are not dispensable and in fact play an essential role among the diverse functions of the MRN complex.
Generation of Mre11 Conditional and Null Alleles
The unanticipated lethality conferred by Mre11 H129N homozygosity occurs too early in development for cell lines to be derived for experimentation. Therefore, we generated a wild-type allele of Mre11 that can be conditionally inactivated (Mre11 Cond ) through Cre/LoxP-mediated deletion of a region including exon 5 (Figures 2A-2C ). Deletion of a LoxP-flanked region (floxed) including exon 5 in a cell line was previously shown to yield no detectable full-length or truncated Mre11 (Xiao and Weaver, 1997 Figure 2D ). Rad50 and NBS1 proteins also displayed reduced levels, likely due to instability in the absence of Mre11. We also observed efficient Cre-mediated conversion of
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H129N/Cond to Mre11 H129N/D ( Figure 2C) . However, the level of Mre11 protein was not reduced after Cre exposure, confirming that the Mre11 H129N protein is stable in vivo ( Figure 2D ). Furthermore, levels of Rad50 and NBS1 also remained constant, suggesting that the Mre11 H129N protein maintains interactions among MRN components ( Figure 2D ).
To further address whether Mre11 H129N protein maintains interactions, we performed coimmunoprecipitations (co-IP) using an anti-Mre11 antibody. Comparing Mre11 D/+ and Mre11
lines, we isolated equivalent amounts of Rad50 and NBS1 (Figures 3A and 3B) . We determined whether Mre11 H129N protein maintains the ability to homodimerize by using the yeast twohybrid system. Comparison of murine Mre11 H129N or Mre11 + cDNA inserted into bait and prey plasmids demonstrated that the mutant protein retained the capability to homodimerize ( Figure 3C ). We addressed whether complexes containing Mre11 H129N retain the ability to form immunoflourescent foci. After exposure to IR, foci comprised of Mre11 H129N or NBS1 are readily detectable ( Figures 3D and 3E ).
Taken together, our studies indicate that the Mre11 H129N nuclease-deficient protein is stable and maintains interactions within the MRN complex. These conclusions are supported by prior studies examining mutation of the invariant motif III histidine (Arthur et al., 2004; Bressan et al., 1998; Krogh et al., 2005) and by observations in the accompanying manuscript (Williams et al., 2008) . Table S3 ).
We also performed spectral karyotyping (SKY), which revealed nonclonal translocations ( Figure 4F , Table S4 ).
Analysis of Mre11 H129N/D MEFs revealed a frequency and pattern of genomic instability with striking similarity to Mre11 Tables S3 and S4 ). To understand whether this phenocopying has mechanistic implications or is a common manifestation of DNA repair deficiencies, we compared the Mre11 mutant lines to MEFs deficient for DNA ligase IV (Lig4 (Ferguson et al., 2000; Frank et al., 1998) . Unlike MRN, the role of Lig4 in DSB repair is well characterized, performing the final ligation step in NHEJ (Wilson et al., 1997) . The overall frequency of chromosomal anomalies in Lig4 À/À was less than either Mre11 deficiency ( Figure 4E , Table S3 ). Importantly, the spectrum of anomalies was distinct from the Mre11 deficiencies, in that most were isolated chromosome fragments, with few gaps or breaks within single chromatids, and no radial structures ( Figure 4E , Table S3 ). Therefore, the MRN complex plays roles in maintaining genomic stability that are distinct from Lig4 and that require Mre11 nuclease activities.
ATM Activation Does Not Require Mre11 Nuclease Activities
Ectopically expressed nuclease-deficient Mre11 was reported to minimally complement defective ATM activation in cells from ATLD patients (Uziel et al., 2003) . Because both the nucleasedeficient and endogenous ATLD Mre11 proteins likely participated in complexes, and because Mre11 requires posttranslational modification that might be impacted by transient expression (Boisvert et al., 2005) , we determined whether Mre11 nuclease activities are required for ATM activation using our engineered mouse alleles. ATM activation can be addressed experimentally by measuring levels of autophosphorylation at serine 1987 (1981 in human) (Bakkenist and Kastan, 2003) and phosphorylation of substrates (Lee and Paull, 2007 Figure 5B) . In stark contrast, the percentage of Mre11 H129N/D cells in mitosis was similar to the control. Together, these studies demonstrate that although the MRN complex as a whole is required for ATM activation after IR, the nuclease activities of Mre11 are dispensable for this function. ATM activation is not restricted to radiation responses and is triggered by DSBs in many contexts (Lee and Paull, 2007) . It has recently been shown that ATM is activated by telomeres ren- Figure 5C ). At uncapped telomeres, ATM phosphorylates the histone H2AX to form g-H2AX and causes localization of 53BP1, events that normally occur at DSBs (Denchi and de Lange, 2007; Guo et al., 2007) . We monitored telomeric association of g-H2AX and 53BP1 utilizing the telomere-dysfunction-induced foci (TIF) assay. In Mre11 +/D and Mre11 H129N/D MEFs, expression of TPP1 DRD resulted in the formation of g-H2AX and 53BP1 foci that colocalized with telomeric DNA, with approximately 75% of cells exhibiting a minimum of five TIFs (Figures 5D and 5E ). However, only minimal TIF formation was observed in Mre11 D/D MEFs, with less than 10% of cells containing more than five TIFs ( Figure 5D and 5E ). These studies demonstrate a major role for the MRN complex in ATM activation at dysfunctional telomeres, but, like IR-induced damage, this role does not require the nuclease activities of Mre11.
Mre11 Nuclease Activities Function in DNA Repair
Our findings demonstrate that Mre11 focus formation and ATM activation occur in the context of Mre11 nuclease deficiency. Therefore, we considered the possibility that Mre11 nuclease activities are dispensable for all DSB-related functions of MRN. To this end, we determined relative sensitivities to IR.
Mre11
D/D and Mre11 H129N/D lines both displayed hypersensitivity to IR and, remarkably, yielded nearly identical survival curves ( Figure 6A ). Lig4 À/À MEFs displayed a more severe hypersensitivity than did either Mre11 deficiency. Therefore, the nuclease activities of Mre11 do perform important functions in the context of DSBs that are independent of control over ATM activation. The requirement for Mre11 nuclease activities after IR, in the context of proficient ATM activation, led us to hypothesize that in mammals, nucleolytic processing by Mre11 plays a vital role directly in DNA repair. Therefore, we performed a pulsed-field gel electrophoresis (PFGE)-based DSB assay after IR to directly determine DNA repair capacities. The fragmentation of chromosomes can be detected as DNA entering the gel and is quantitated as a ratio of DNA within the lane relative to the total DNA loaded. We observed that control (Mre11
) cells displayed progressively less DNA damage in a time course from 0 to 18 hr after IR, whereas Lig4 À/À displayed no capability to repair ( Figure 6B ).
D/D and Mre11 H129N/D lines both displayed a striking defect in DNA repair. Therefore, the hypersensitivity to IR conferred by absence of Mre11 nuclease activities likely reflects a defect in the repair process.
As an independent means to identify a DNA repair defect, we determined the impact of IR on the degree and persistence of genomic instability.
, and
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À/À lines were irradiated with 2 Gy and allowed recover for 24, 48, or 72 hr. In contrast to the control, all three mutant lines showed no indication of a downward trend in frequency of chromosome anomalies during the 72 hr timeframe ( Figure 6C , Table S5 ). Therefore, absence of Mre11 nuclease activities or of MRN confers similar increases in IR-induced genomic instability, which, like Lig4 deficiency, persists for at least several days. Stalled DNA replication forks can be processed into DSBs to facilitate replication restart (Lambert et al., 2007) . The DSBs that arise during replication stress are therefore distinct from those induced by IR, since they are generated by endogenous processes. We determined whether the nuclease activities of Mre11 are required during replication stress by examining the impact of the DNA polymerase a/d inhibitor aphidicolin on survival, DSB repair, and genomic stability. Hypersensitivity to aphidicolin, as well as persistent DNA damage and genomic instability, was observed for the Mre11 D/D line relative to Mre11
control ( Figures 6D-6F , Table S6 ). Once again, the Mre11 H129N/D nuclease-deficient line phenocopied the Mre11 D/D line. To confirm that DSBs arise under these conditions, we also analyzed the Lig4 À/À line, and we found that it is hypersensitive to aphidicolin, although DNA damage does not persist to the same degree as in the Mre11 mutants. Therefore, DSBs do arise under these conditions. Taken together, these studies reveal that the nuclease activities of Mre11 are required for repair of DSBs that are induced by IR or that arise because of replication stress.
Mre11 Nuclease Activities in Resection and Recombination
We wished to determine which DSB repair pathway(s) requires the nuclease activities of Mre11. NHEJ is required for V(D)J recombination, which generates antibody diversity through a process initiated by DSBs generated by the RAG1/2 endonuclease (Fugmann et al., 2000) . Cotransfection of RAG1/2 expression vectors with a signal end (blunt) or coding end (hairpin end requiring processing) reporter construct allows comparison of recombination frequencies, as well as analysis of the joining process by the examination of sequences of products (Rooney et al., 2003) . When Mre11 D/+ , Mre11 D/D and Mre11 D/H129N lines were compared, no significant differences in recombination frequencies ( Figure 7A ) or the nature of sequenced joints were detected ( Figure S4 , data not shown). As previously reported for Lig4 À/À , the frequency of signal and coding joint formation was reduced to levels similar to controls without RAG1/2 (Frank et al., 1998; Grawunder et al., 1998) . Thus, the MRN complex does not appear to play a significant role in NHEJ in mammals.
However, a function in NHEJ not required for V(D)J recombination cannot be entirely ruled out. HR is initiated at DSBs by the generation of single-stranded DNA, which is bound by RPA and ultimately by filaments of Rad51 family members that carry out the search for homology and strand exchange (Wyman and Kanaar, 2006 Figures 7B and 7C) . In each case, foci formation was reduced by approximately 50% relative to the control. This suggests that Mre11 nuclease activities play a role in the early steps of HR (Sartori et al., 2007) . To more definitively identify a role in HR, we employed the DR-GFP assay, which measures homology directed repair of an I-SceI endonuclease-induced DSB in an integrated GFP reporter gene (Pierce et al., 1999) . For each genotype, three independent lines containing single-copy genomic integrants of the intact DR-GFP plasmid were analyzed. I-SceI was introduced via replication-defective adenovirus, with virus containing no I-SceI insert as control. Relative to Mre11
lines showed a striking reduction in the (E) Quantitation of DNA damage levels after aphidicolin exposure. MEFs of the indicated genotypes were exposed to aphidicolin for 24 hr and allowed to recover for various times (x axis, 0 represents 24 hr exposure with no recovery). The fraction of DNA released (y axis) at each recovery time was calculated from the ratio of DNA entering the gel (damaged) to total. Error bars represent ± SEM. (F) Aphidicolin-induced chromosome instability persists in Mre11 nuclease and MRN deficiencies. MEFs were exposed to 0.4 mM aphidicolin for 24 hr followed by 0 or 72 hr recovery. Metaphase spreads were stained with DAPI. The y axis indicates anomalies per metaphase.
percentage of GFP-positive cells, to approximately 10% of control ( Figure 7D and Figure S5 ). We confirmed with propidium iodide staining that there is no significant difference in the percentage of cells in S/G2 phase among the lines, indicating that differences in recombination efficiencies do not reflect cell cycle differences (data not shown). Therefore, the nuclease activities of Mre11 function in HR in mammals, likely at an early step in the pathway.
In addition to initiating HR, the generation of single-stranded DNA serves to activate the ATM-and rad3-related (ATR) kinase (Petermann and Caldecott, 2006) . ATR is activated by agents that inhibit DNA replication, such as low-dose ultraviolet light (UV). Certain deficiencies of MRN reduced ATR activation, leading to the notion that nuclease activities of Mre11 could contribute to resection in this context (Stiff et al., 2005; Zhong et al., 2005) . We tested this by examining UV-induced phosphorylation of the Chk1 kinase. Phospho-Chk1 levels were reduced in . However, the observation that mouse knockouts of MRN components confer early embryonic lethality whereas ATM inactivation permits viability suggested that there are essential mitotic functions of MRN unrelated to ATM control. Our studies demonstrate that Mre11 nuclease activities provide such a function. These activities play a major role in HR and contribute to ATR activation (Sartori et al., 2007) . Thus, demise in early embryogenesis caused by deficient Mre11 nuclease activities likely results from combined impact of deficiencies in these responses to DNA damage.
We have provided evidence supporting the notion that in mammals, the MRN complex operates at DSBs during HR but not during repair by the classic Lig4-dependent NHEJ pathway (Yan et al., 2007) . The differing contexts in which these essential factors operate are illustrated by the distinct impact on genomic stability when either is absent. The Mre11 deficiencies conferred higher overall levels of spontaneous chromosome anomalies, correlating with the earlier embryonic lethality relative to Lig4 À/À .
The spectrum of types of spontaneous anomalies observed in the Mre11 deficiencies resembled that induced by aphidicolin, with notable levels of radial structures and dicentric chromosomes. These are not prevalent in Lig4 À/À or in any cells exposed to IR. Taken together, these findings suggest that replication stress is a major contributor to early embryonic demise in the absence of Mre11 nuclease activities or MRN, whereas more straightforward forms of DSBs lead to late embryonic demise without Lig4. Why the nucleolytic functions of Mre11 have such a striking impact when deficient in mammals as compared to S. cerevisiae is an intriguing evolutionary question. A possible explanation has been raised by two recent reports. In cooperation with another DNA repair factor Sae2, Mre11 cleaves in single-stranded DNA adjacent to hairpins in vitro (Lengsfeld et al., 2007) . In this study, Sae2 itself was shown to possess endonuclease activity. In a separate study, the proposed mammalian Sae2 homolog, CTIP, was shown to interact with Mre11 and stimulate its endonuclease activity but did not display nuclease activities of its own (Sartori et al., 2007) . Therefore it is possible that in higher eukaryotes situations requiring MRN employ Mre11 as the only nuclease, whereas in S. cerevisiae Mre11 and Sae2 act redundantly.
It is interesting to note that in S. cerevisiae there are Rad50 separation-of-function alleles (RAD50S) that confer phenotypes resembling Mre11 nuclease deficiency. These mutations block processing of DSBs that initiate meiosis but have minimal impact on mitotic cells (Cao et al., 1990) . One Rad50S allele generated in mice yielded phenotypes distinct from Mre11 nuclease deficiency, permitting viability with minimal genomic instability and DNA damage hypersensitivity while causing constitutive ATM activation (Bender et al., 2002; Morales et al., 2005) . However, two other Rad50S alleles proved to be embryonic lethal (Bender et al., 2002) . It will be interesting to determine whether the severe impact of these alleles reflects abnormal regulation of Mre11 nuclease activity.
The MRN Complex at Dysfunctional Telomeres
Our studies demonstrate a critical role for the MRN complex in activating the ATM kinase at sites of deprotected telomeres, but, as observed for activation after IR, this role does not require the nuclease activities of Mre11. MRN is found at telomeres and interacts with the Shelterin component TRF2, which binds double-stranded telomeric DNA (Zhu et al., 2000) . We therefore postulate that MRN is an important sensor of dysfunctional telomeres and is prepositioned to rapidly detect uncapped telomeric sequences. Although this is seemingly the same role proposed for IR responses, there is an important distinction. Telomere deprotection in the context of the TPP1 DRD allele does not result in significant numbers of chromosome fusions (Guo et al., 2007) . Thus, the uncapped telomeres in our study are unlike general DSBs in that most are one sided. Typical DSBs have two sides, which ultimately undergo ligation during repair. This distinction suggests that functions of MRN involving two sides, such as long-range bridging by Rad50 or short-range bridging functions by the Mre11 dimer (Williams et al., 2008) , are not required for ATM activation.
Early Events at DNA Double-Strand Breaks Our work in combination with the accompanying manuscript (Williams et al., 2008 ) now provides a more detailed mechanistic understanding of early events at DSBs. In addition to long-range bridging functions of Rad50, the Mre11 dimer can position two sides of a DSB in close proximity. Within the dimer interface, the nuclease activities of Mre11 process ends prior to, or in association with, final repair. We have shown that this processing is not dispensable in mammals but instead represents a paramount function of the MRN complex and an activity of fundamental importance to DSB repair. This essential function, provided by a portion of MRN of ancient evolutionary origin, operates independently of the more recently evolved and nonessential interplay between MRN and ATM.
EXPERIMENTAL PROCEDURES
Generation of Germline Mre11 Alleles Targeting constructs used plasmid PLN-TK as backbone with arms generated by PCR with genomic DNA from TC1 mouse cells. Positive/negative selection used G418 and gancyclovir (details in the Supplemental Experimental Procedures).
Growth and Analysis of MEFs
MEFs were isolated from day e13.5 embryos and grown in standard culture conditions as described (Gu et al., 1997 ) (see the Supplemental Experimental Procedures). Primary MEFs were immortalized by transfection with pBsSVD2005 (SV40 large T antigen expression vector). Adeno-Cre at multiplicities of infection (MOIs) from 100:1 to 500:1 gave comparable results. MEFs were grown 3 days after infection and split once prior to experiments.
Metaphases on glass slides were stained with DAPI (Invitrogen), SKY probe (ASI), or telomere PNA FISH-FITC (DakoCytomation) according to the manufacturers' instructions. Images were acquired on an Olympus BX-61 microscope and viewed with SKYview software (ASI).
Western Blots and Immunoprecipitation
Cell extracts were prepared in Laemmli buffer (4% SDS, 20% glycerol, 120 mM Tris-HCl [pH 6.8]), resolved by SDS-PAGE, and transferred via standard procedures. Primary antibodies were the following: Mre11 (Novus or Cell Signaling), NBS1 (Novus), Rad50 (Bethyl), p-ATM Ser 1981(Rockland), ATM (Santa Cruz), g-tubulin (AbCam), p-CHK2, clone 7 (Upstate), SMC1-ser957 (Cell Signaling), g-H2AX (Upstate), 53BP1 (kind gift from Phil Carpenter, University of Texas Medical School at Houston), and Chk1-ser345 (Rockland). Secondary antibodies for western blots were IRDye800CW-conjugated goat anti-rabbit or anti-mouse (Li-Cor Biosciences).
Immunoprecipitations were performed with protein G sepharose beads (GE healthcare) with 2 mg protein extract incubated with anti-Mre11 antibody (Cell Signaling) for 16 hr at 4 C. Western blots performed as above.
Telomere-Dysfunction-Induced Foci
Telomere-dysfunction-induced foci assays were performed as described by Guo et al. (2007) and as in the Supplemental Experimental Procedures. Cells were infected and selected for 7-10 days for stable expression of TPP1 DRD .
Secondary antibodies against mouse or rabbit IgG were labeled with Alexa 488 (Molecular Probes). Tamra-(TTAGGG) 3 PNA telomere probe (Applied Biosystems) and DAPI DNA counterstain were used. Only cells with R 5 g-H2AX signals or 53BP1 foci (green) colocalized with telomere signal (TTAGGG)3 (red) were scored.
Pulsed-Field Gel Electrophoresis
MEFs were exposed to 80 Gy IR or 0.4 mM aphidicolin. DNA analyses were performed with Bio-Rad CHEF DRII optimized to the 1-4 Mb range. Gels were stained with Sybr green 1 (Invitrogen), imaged on a Typhoon 9400 imager (GE HealthCare), and quantified with ImageQuant software (GE Healthcare).
Recombination Assays MEF lines containing a single integrated intact copy of reporter substrate DR-GFP were constructed as described (Pierce et al., 1999) . I-SceI was transiently expressed via infection with I-SceI containing adenovirus (AdNGUS24i), and recombination frequency was determined by percentage of GFP-positive cells. V(D)J transient assays were performed as previously described (Rooney et al., 2003) . Full-length RAG1/2 expression constructs and pJH290 coding joining or pJH200 RS joining substrate plasmids were transfected with Superfect (QIAGEN). Forty-eight hours after transfection, plasmids were isolated by alkaline lysis and electroporated into Escherichia coli MC1061. Recombination efficiencies calculated by ratio of ampicillin-and chloramphenicol-resistant colonies to ampicillin-resistant colonies.
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